A huge amount waste (approximately 60%) is generated during mining and processing in marble industries. Such waste can be best utilized in infrastructure development works. Coarse aggregate 75% by weight was replaced by aggregate obtained from marble mining waste. The impact of marble waste as a partial replacement for conventional coarse aggregate on the properties of concrete mixes such as workability, compressive strength, permeability, abrasion, etc. was evaluated. The test results revealed that the compressive strength was comparable to that of control concrete. Other properties such as workability of concrete increased, water absorption reduced by 17%, and resistance to abrasion was marginally increased by 2% as compared to that of control concrete. Ultrasonic pulse velocity and FTIR results show improvement in quality of concrete with crushed marble waste. From the TGA analysis it was confirmed that, aggregate produced from marble waste shows better performance under elevated temperature than that of conventional aggregates.
Introduction
Concrete is the most widely used and important construction material in the world. There are various methods available for the design of concrete mixes. In general practice the concrete mixes are designed by using the conventional method prescribed by relevant codes or standards. Concept of packing density approach for the design of concrete mixes was introduced a couple of years back by Kwan et al [1] , Fennis et al [2] , Jeenu G. et al. [3] , and B. Bhattacharjee et al. [4] . It aims at production of concrete with minimum voids. It is possible by combining the aggregate in a definite ratio resulting in maximum packing density. Cement paste content has to be at least equal to void content. Cement paste in excess of void content in certain volume becomes helpful in increasing workability. The reduced usage of cement content in concrete results in lesser emission of carbon di oxide. A study conducted by Majella Anson et al. [5] reported that, by inclusion of an intermediate sized aggregate in the concrete mix, a reduction in cement paste up to 16% is possible. Marc Rached et al. [6] reported that, shape and size of aggregates affect both the packing density and required paste volume to achieve the desired strength and workability. Poorly shaped or DOI: 10.1515 DOI: 10. /sspjce-2016 poorly graded aggregates can increase the paste volume and this can be minimized by using the gap grading aggregates. De Larrard [7] , reported that, workability and packing density can be improved by using gap graded aggregates. B. Bhattacharjee et al. [4] in their study reported that, the optimum packing density can be obtained by combining the coarse and fine aggregates in a definite ratio. They also reported that, the compressive strength obtained by packing density approach are comparable to that obtained from Bureau of Indian Standards (BIS) code method for a given water-cement ratio. The co-relation curves plotted between compressive strength vs. water-cement ratio and compressive strength vs paste content could be used to decide the water-cement ratio and paste content for specified grade of concrete in packing density method. Fennis et al. [2] , in their study reported that, concrete mixes could be designed by using particle packing method and it is possible to reduce the cement content up to 50% and the CO2 emission was reduced by 25%. A study by Wong and Kwan et al. [1] , depicts the effect of blending cement with various supplementary materials like pulverized fly ash and condensed silica fume on packing density. He reported that the addition of ultrafine particles in the cement increases the packing density and addition of super plasticizer always increases the packing density of cementitious materials. There are around 4000 marble mines and 1100 processing units operating in the state of Rajasthan [8] . These industries produce a lot of waste of marble in the form of powder / slurry and pieces of irregular size of stones during their processing operation. There is no proper way for disposal of this waste in the mining and processing areas which cause significant impact on the surrounding environment. It is thrown randomly on the roadsides or fields as seen in Figure 1 . [9] conducted studies on use of marble waste (0 to 100%) in the form of fine aggregate and coarse aggregate in concrete with water-cement ratio of 0.5. He reported that workability decreased with increase in replacement level for all the formulations. Compressive strength of concrete mix increases by 25% at 75% replacement of conventional coarse aggregate by marble aggregate. He also reported that an increase in compressive strength was 16.84% for mixes, prepared with 75% replacement of fine and coarse aggregate. In a study conducted by Antonio Andre et al [10] , marble waste was used in different percentages (20% to 100%) as replacement for conventional aggregates. It was reported that, workability of concrete mix decreased as the replacement level increased. With regard to compressive strength they reported that, concrete mixes showed downward trend with increasing incorporation ratio, but this decrease was considered almost insignificant with variations up to 10.3%. In a study by Hanifi Binci et al [11] , the marble waste was used as a 100 % replacement for natural coarse aggregates by weight in concrete with a constant watercement ratio 0.4. It was reported that compressive strength, flexural strength, splitting tensile strength and Young's modulus of elasticity of concrete, prepared with (Ground Blast Furnace Slag) GBFS as fine aggregate and marble waste as coarse aggregate was 3% and 6%, respectively, higher than that of concrete with river sand as fine aggregate and marble waste as coarse aggregate. In a study conducted by Kore et al [12] reported, the impact of partial replacement of conventional coarse aggregates by marble mining waste in different percentages (0 to 100%) in low strength concrete designed as per Bureau of Indian Standards (BIS) code method [13] . They reported that, the workability of all the concrete mixes increased with increase in replacement level. The compressive strength of the concrete mixes increased by 35% at 80% replacement level. In the present study, the concrete mix was designed by the particle packing density approach. The physical and mechanical properties of concrete mixes such as workability, compressive strength, permeability, resistance to abrasion etc. were evaluated.
Experimental study

Characterization of materials
Portland Pozzolana cement used in this study fulfills the requirement of BIS: 1489-part 1 1991 [14] . The initial and final setting time, consistency and compressive strength of cement are shown in Table  1 . The sand used in this study conforms to grading zone II as per BIS: 383-1960 [15] . The properties of sand are presented in Table 2 . The conventional coarse aggregate used in this study crushed coarse surface and conforms to BIS: 383-1960 [15] . Marble Mining Waste used in this study was crushed in to crusher to obtain desired gradation of coarse aggregate. The surface of the marble aggregate is smooth whereas the surface of the conventional aggregate is rough textured. The Specific gravity and water absorption of coarse aggregates are presented in Table 2 . The nominal maximum size of coarse aggregate used was 20 mm. The particle size distribution of coarse aggregate is given in Table 3 . The chemical composition of conventional and marble coarse aggregate are presented in Table 4 . To achieve the desired slump of 75 mm, a third generation polycarboxylate based super-plasticizer Rheobuild 522 ND conforming to BIS: 9103-1999 [16] was used. 
Concrete mix proportioning
Coarse aggregate was taken as mix of 75% marble aggregate and 25% conventional aggregate as per best results obtained by the authors in trial mixes. The mixture proportions of concrete designed by packing density approach are given in Table 5 . All the concrete mixes were prepared by using a constant water-cement ratio of 0.45. The concrete mixes were prepared by taking cement paste content 10% in excess of void content. Before the addition of water, the dry concrete mixes were blended for 5 minutes to achieve a thorough mix in a 160 lit capacity mixer. Note: Mix designated by C1 shows control mix and mix designated by C2 shows concrete mix containing 75% marble aggregate and 25% conventional coarse aggregate both the concrete mixes are designed by Packing Density approach.
Sample preparation and test methods
The ingredients of concrete were mixed in a mixer and cubes of size 150 mm × 150 mm ×150 mm were cast to determine the compressive strength and permeability of test specimens. All the specimens were de-molded at the age of 24 ± 1 h and thereafter were cured in the water tank at room temperature up to the specified age of the test. The slump cone test on freshly prepared concrete mix was carried out as per BIS 1199 [17] for measuring workability of concrete. Compressive strength of concrete specimens was determined at 7 days, 28 days, 90 days and 180 days curing age as per BIS: 516-1959 [18] . To assess the porosity in concrete, water permeability test was conducted as per German standard DIN -1048 part 5-1991 [19] . Test specimens100 mm × 100 mm ×100 mm cubes were cast for determination of water absorption test. This test was conducted according to BIS 15658:2006 [20] . In order to assess homogeneity and quality of concrete the ultra-sonic pulse velocity test was conducted according to BIS 13311 (Part 1): 1992 [21] . Resistance to abrasion was measured in terms of depth of wear of concrete under standard testing conditions. It was performed according to BIS 1237: 1980 [22] on test specimens of 100 mm concrete cubes. The Fourier transform infrared spectroscopy (FTIR) analysis was used to separate the components of a mixture and to know the functional group. The Thermo Gravimetric Analysis (TGA) was carried out to study the behavior of concrete under elevated temperature.
Results and discussion
Workability
The variation in the slump values of both the mixes is shown in Figure 3 . From the results it can be seen that, the workability of concrete mix C2 was 100 mm. That is approximately 10% more than that of conventional aggregate mix C1. This increase in the value of slump in mix C2 was due to presence of round shaped marble aggregates. The round shaped aggregates are more workable than that of angular shaped aggregates as reported by Gambhir [23] . The water absorption of marble aggregate was also less than that of conventional coarse aggregate resulting in availability of adequate water for lubrication. The title page must give the title of the paper, all authors with their affiliations and up to five keywords. The title page shall appear as the first page of this document. The body of the text must start after the key words.
Density
The results of the variation in density of concrete mix are presented in Figure 4 . From the results it can be seen that, the density of concrete mix increases from 2400 kg/m 3 to 2420 kg/m 3 . The increase in the density of concrete mix C2 was due to higher specific gravity of marble aggregate. 
Water Absorption and Permeability
The variation in water absorption of concrete specimens is shown in Figure 5 . The results show that, the water absorption of mix C2 was 17% less than that of control mix. The decrease in water absorption was due to less water absorption by marble aggregate as compared to conventional coarse aggregate. The variations in the depth of water penetration in concrete specimens are shown in Figure 6 . From the figure, it can be seen that the depth of penetration of water of concrete mix C2 was reduced by 7% as compared to that of concrete mix C1. The permeability of concrete depends on various factors; one of the major factors is the interconnectivity of pores in the concrete. The reduction in permeability was due to the reduction in pores in the concrete mix C2.
Compressive strength
The variations in the compressive strength of concrete mixes under different curing ages are shown in Figure 7 . The reduction in compressive strength of concrete mix C2 was 4.5% at 7 days, 5.43% at 28 days, 3.41% at 90 days and 9.64% at 180 days as compared to that of control mix. But this reduction is considered as insignificant. However this is due to presence of inadequate fractions below 10 mm in marble aggregate. Another possible reason is round shape of marble aggregate as compared to conventional coarse aggregate. Both the factors are responsible for fall of compressive strength in C2 mix. 
Ultrasonic Pulse Velocity
The results of the Ultra Sonic Pulse velocity values are presented in Figure 8 . The results of this test show that, the values of pulse velocity increases from 5.238 m/sec to 5.499 m/sec. This increase in the value of mix C2 indicates better quality in terms of density, homogeneity and uniformity. Both the mixes satisfy the minimum requirement of 4.5 m/sec for good concrete mixes. 
Abrasion resistance
The resistance to abrasion was measured in terms of depth of wear of the concrete specimens. Figure 9 shows the average depth of wear of the concrete specimens. The results show that the abrasion resistance of mix C2 increased by approximately 2% as compared to that of control mix. The presence of carbonate content in marble aggregates improves the bond between the aggregate and cement paste. Thus resulting in the more dense and compact structure of the concrete. The marble aggregate is hard as compared to that of conventional aggregate. This is possible reason for marginal improvement in resistance to abrasion of C2 mixes.
Fourier Transform Infrared spectroscopy (FTIR)
Fourier Transform Infrared spectroscopy is a powerful tool for the determination of molecular structure. IR spectroscopy allows us to deduce the functional groups that are present and absent in a molecule. Infrared spectroscopy involves absorption of infrared photons, which changes the bond vibrational state of the molecule. The results of the analysis done by Infrared spectroscopy are shown in Figure 10 The FTIR spectra measured for the control concrete, concrete containing 75% marble aggregates and Table 6 summarize the main absorbance peak assignment for the FTIR spectra. From the above analysis it was observed that, the presence of the compound such as calcium hydroxide, calcium silicate hydrate and quartz is confirmed in both the concrete mixes. The peaks obtained for calcium carbonate in the concrete mix C2 are more as compared to that of control mix. The presence of calcium carbonate in marble aggregate exhibits very strong bond as compared to that of conventional aggregates. As the Heboub et al. [9] reported that, the concrete containing marble aggregates improves the aggregates-cement paste bond due to excessive presence of carbonate content in marble aggregates.
Thermo gravimetric analysis
Thermo gravimetric analysis shows the dehydration, decomposition and oxidation of a sample with time and temperature. The TGA analysis was carried out on the powdered sample of concrete specimens. The result of the analysis is shown in Figure 11 . The first endothermic peak was observed at 110°C, due to evaporation of free water molecules present in the concrete mix C1 and C2, respectively and dehydration of cement paste. The second endothermic peak was observed at 460°C i.e. a calcium hydroxide peak. The third endothermic peak was observed at 820°C, due to dehydration of C-S-H gel. Generally the thermal decomposition of calcium hydroxide takes place due to decomposition of carbonate phases above 600°C for all specimens. In the concrete mix C2, thermal decomposition of carbonates was less than that of control mix. This was due to the presence of dolomite and calcite minerals in marble aggregates as seen in XRD analysis in Figure 11 (b). The mass changes in concrete mix C1 are -4.2%,-9.04%, -12.09%,-12.46% and for concrete mix C2 are -3.4%, -7.09%, -11.6%, -19.42% at temperatures of 110°C, 460°C, 820°C and 900°C respectively. The concrete containing marble aggregate (mix C2) shows lower rate of loss of mass up to a temperature of approximately 800°C as compared to that of control concrete.
Conclusions
In this study the impact of marble aggregate on the mechanical properties of concrete was studied. From the results it can be concluded that,
1. The workability of the concrete mix increased due to partial replacement of conventional coarse aggregate by marble aggregate. 2. The compressive strength of the concrete mix containing marble aggregates is nearly equal to that of control mix. 3. The water absorption of the mix containing marble aggregate was reduced by 17% and permeability reduced by 7%, which is sign for improvement in durability performance of concrete. 4. The Ultra Sonic pulse velocity values show that, the partial replacement of conventional coarse aggregate by marble aggregate results in dense, homogeneous and uniform structure of concrete. 5. The resistance to abrasion shows similar results as that of control mix. 6. From the FTIR analysis, it was confirmed that, Marble aggregates exhibit stronger bond as compared to that of conventional aggregate. 7. Thermo gravimetric analysis reveals performance of concrete with marble waste was better than control concrete up to a temperature of 800°C The above results indicate that, the marble aggregate can be used to improve the mechanical properties of concrete. However, the behavior of such concrete in adverse environment is also under progress as part of comprehensive study.
